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BOUNDARY-LAYER DISPLACEMENT EFFECTS IN AIR AT MACH NUMBERS OF
6.8 AND 9.6¢

By Mrrenen H. Berrias

SUMMARY

Measurements are presented  for  pressive gri-
dients induced by a laminar boundary layer on o
Alat plate in air at a Mach wmber of 9.6 wnd Jor the
drag of thin wings at o Mach nuniber of about 6.8
and zero angle of attack. The pressure medasire=
ments at a Mach wumber of 9.6 were made 11 the
presence of substantial  heat  transfer from the
boundary layer to the plate surface. The wicasured
pressure distribution on the surface of the plate s
predicted with good acenracy by a modification to
insudated-plate  displacement theary which allows
for the effect of the heat tritnsfer and temperatire
gradient along the surfuce on the bowndary-layer
dixplacement thickness.

The total drag of thiv wings with square and delta
plan forms was meds wred at a nominel Maclk nuniber
of 6.8 orer a reasonably wide range of Reynolds
numbers.  The total drag was found o be greater
than can be cxplained by adding a classical value of
laminar skin friction to the extimated pressure drag.
The difference is, tn general, coplaived by the in-
crease tn skin friction (20 to 40 pereent) caused by
the boundary-layer-induced pressures.

INTRODUCTION

The considerable distortion of the flow field
about plane surfaces or slender hodies in hyper-
sonic flow due to boundarv-layer displacement
offects i now well known qualitatively. This
phenomenon is a result of the Jow mass involved
in Laminar boundary-layer flow and can achieve
considerable importance at high Mach numbers
and low Revnolds numbers. The most readily

—

Tupersedes NACA Technical Note 4133 by Mitehel Jo Berfram, 1458,
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observable result of the presence of the boundary
faver is a local increase in surface pressure which
appears in conjunction with an increase in skin
friction and heat transfer. A considerable body
of quantitative theoretical evaluations of this
offect is now available,  These solutions are con-
cerned mainly with the sharp-leading-edge prob-
Jlem and ean be considered to fall into two classex,
the interaction”  and
interaction” Expressed rather simply,
the weak-interaction regime is one in which the

so-called “weak “strong

solutions.

self-induced pressure gradient does not have an
important effect on the boundary-layver growth.
wherens in the strong-interaction regime large
induced pressures occur which do have an -
portant effeet on the boundaryv-laver growth and
necessitate consideration of the mutual interaction
between the boundary layver and the houndary-
laver-induced  pressure gradients,

The parameter which basicatly determines the
region in which interaetion effeets can be important
was first given by Lees and Probsatein (ref. 10
This parameter takes into account Mach number,
Reynolds number, and temperature level of the
oxternal stream.  Other evaluations of the weak-
and strong-interaction regions have been made by
Bertrant, Shen, i and Nagamatsu, Stewartson,
Lees, Kuo, and Pai and Shen (refs. 2 to 9).

The experimental work in air has been mainly
supplied by Bertram for a Mach number of 6.9
(refs. 2 and 10) and Kendall for a Mach number
of 5.8 tref. 11).  The main drawback to this data
faken in air has been that only the Jower end of
the range in which the self-induced effeets become
important. has been explored.  The data which
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have been obtained in helium by Bogdonofl and
Hammitt at the Princeton helium hypersonic
tunnel (refs. 12 and 13) cover a range in which the
self-induced effects can be of major importance.
Most of these helium data, however, include a
cousiderable leading-edge-bluntness effect which
makes difficult the comparison with viscous-
interaction theory,

Among the boundary-layer-induced effects are
the pressure gradient induced by the presence of
the boundary layer and the increase in skin
friction associated with this induced pressure
gradient.  With the recent availability of a nomi-
nal Mach nummber 10 nozzle for the Langley 11-
inch hypersonic tunnel there was the possibihty
of considerably extending the range of the inter-
action data in air.  This nozzle has been utilized
to obtain new measurcments of the boundary-
layer-induced pressures, although heat transfer
from the boundary layer to the model is present
in these experimental results. These measure-
ments are presented in this report, together with
measurements of the total drag at zero lift of
wings with thin square and delta plan forms in
the nominal Mach number 7 nozzle of the 11-inch
hypersonic  tunnel.  These total-drag measure-
ments are utilized to obtain an indication of the
inereased skin friction that can be aseribed to the
induced pressure field.

SYMBOLS

A constant in Blasius formula for skin
friction

a fraction of root chord of delta wing

a’, b’ skin-friction constants in viscous-inter-
action theory

I second virial coeflicient in equation of
state for imperfect gas

b wing semispan

( .;*'.‘-‘u"[vwd"/-‘m wa

(D constants in power formulas for turbu-

lent skin frietion in appendix 1 (egs.
(D12) and (D14))
(“l ;‘#107'1/111’1110

n., wave- or pressure-drag coeflicient at
zero angle of attack
Cpop total drag cocfficient at zero angle of

attack
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Oy leading-edge drag coefficient based on
wing area

Cr average skin-friction drag cocfficient

Cy average skin-friction drag coefficient
without displacement effect

" local skin-friction drag coefficient
", local skin-friction drag cocficient with-

out displacement effect

G- pitot. pressure coeflicient

‘.. average pressure coefficient over lead-
ing edge of wing

¢ Tocal chord

c effective chord of a wing for the deter-
mination of average skin friction (see
appendix D, eq. (D1))

Ac Jength of sting contained within the
wing plan form (fig. 3)

¢, root chord

o sting thickness (fig. 3)

F=0149(yv— 1) (v + 1)

I length of sting base flare (fig. 3

7 length of sting outside of wing plan
form (fig. 3)

K cocflicient in equation (13)

k=" Lar

1 plate length
M Mach number
m,n, q reciprocals of exponents in power laws

for skin friction in appendix D

Niw Knudsen number,
Molecular mean free path
Leading-edge thickness
Ny, Prandt] number
P pressure
Pe critical pressure of gas
o’ total pressure measured by pitot {ube
0 Reynolds number based on undisturbed
free-stream conditions
I3 gas constant
L. Reynolds number with root chord of
delta wing as characteristic length
R Reynolds number for transition based
on distance from leading edge in
free-stream direction
R, Reynolds number with leading-edge

thickness as characteristic length
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1, Reynolds number with » as character-
istic length

s local lateral dimension of plate or wing
from center line

T absolute temperature

T, eritical temperature of gas

B static temperature for constant value

of v

t leading-edge thickness

] veloeity

NV Z nozzle coordinates (fig. 1)

b2 longitudinal distance from leading edge
of plate

i distance measured laterally on model
from center line

@ angle of attack

3 Sutherland constant

¥ ratio of specific heat at constant pres-
sure to that at constant volume

8 boundary-layer thickness

8* boundary-Jayer displacement thickness

€ semiapex angle of delta wings

I dynamie viscosity

P ras density

X viscous-interaction parameter

X, viscous-interaction  parameter  with
Revnolds number  based on root
chord of delta wing

w exponent in power law for viscosity

Subseripts:

¢ recovery conditions

ins  insulated wall

0 supply conditions

turb  turbulent flow

" wall

1 edge of boundary layer

A delta wing

© free stream

Superscript:

* ratio of conditions taking variation in vy

into account to conditions with constant vy

APPARATUS AND METHODS
TUNNEL AND NOZZLES
The investigation was conducted in the Langley

11-inch hypersonic tunnel, which operates inter-
mittently. Three different nozzles were used

during the tests: 2 two-dimensional nozzles, cach
of which provided a Mach number of slightly
less than 7, und a three-dimensional nozzle with
which # Mach number close to 10 could be ob-
tained. The first two-dimensional nozzle had
contours machined from steel and was replaced
after the test program had started by a nozzle
having contours constructed of Invar. Invar
was used for the contour plates of the second
nozzle beenuse thermal gradients in the nozzle
blocks caused objectionable deflection  of the
first minimum of the steel nozzle.  Tn addition,
the Invar nozzle was designed so that pressure
gradients normal to the horizontal plane of sym-
metry were minimized. The three-dimensional
nozzle had a square test seetion and first minimumn,
though nowhere else was the eross section square.
This design allows the installation of conventional
sehlieren windows and reduces the possibility of
incwrring the axisymmetrie imperfections at the
wall that might occur in a circular nozzle and
which would tend to focus along the axis of the
nozzle.

A deseription of the tunnel may be found m
reference 14 and a deseription of the steel nozzle
and a ealibration at a stagnation pressure of 25
atmospheres (R per inch—250,000) in reference
15, Additional ealibration data for the steel
nozzle and some calibration data for the Invar
nozzle are contained in reference 16, Figure 1
presents some of the calibration data obtained
in the three-dimensional nozzle.

MODELS AND SUPPORTS

Of the wings investigated, two had square plan
forms (fig. 2) and the rest were a family of delta
wings with symmetrical double-wedge sections, a
thickness ratio of 2% percent, and semiapex angles
varying from 30° to 8°. The surfaces were ground
and the leading edges were from 0.001 to 0.002
inch thick. The designations of these wings and
their dimensions and sting dimensions are shown
in figure 3.

For the measurement of surface pressures the
model shown in figure 4 was used. This model
was also equipped with thermocouples for the
determination of skin temperature. The leading-
edge thickness of this model was close to 0.0005
inch,
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nozzle.
INSTRUMENTATION

The drag of the wing models was measured with
a two-component steain-gage balance.  This bal-
ance 15 temperature compensated and its sensi-
HVILY to uneven reduced to
tolerable Timits by shiclding and insulation.  For
a more complete desceription of this balance see

heating has been

reference 17, where it is designated as the “sensitive
two-component force balance.”

The base pressure for use with the sting corree-
tions to the wing force measurements and the
surface pressures for the model shown in ligure 4
were measured by means of the aneroid-type six-
cell recording unit deseribed in reference 14, The
staghation pressure was measured with Bourdon
gages with an aceuracy of about one-half of 1
pereent.,

SURFACE-FILM FLOW STUDIES

Surlace flow studies of the square-plan-form
wings and wings 3, 4B, and 4 (' were made by
photographing the patterns made by streaming
graphite and fluoreseing mineral oil under ultr-
violet light during a run. The wings were coated
with SAE 30 lubricating oil before the run and
graphite was spotted along the leading edge. The
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Ficvre 20 - Square-plan-form wings,  Dinwensions are in

inches.

cameras were equipped with suitable filters to
photograph the fluorescing oil to best advantage.

TUNNEL CONDITIONS

Muach
near 7 the tunnel was operated at a
stagnation temperature near 1,130° R, and for the
square-plan-form wings it was operated through a
stagnation-pressure range from 7 to 39 atmospheres
(with Reynolds number perineh in the range from
0.08210% to 0.43>10%. Calibrations of these
nozzles show a slight effect of Revnolds number
per inch in the test range. For example. at

For the force tests of the wings at a
number
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Reynolds numbers per inch of 0.08, 0.14,

Fraiee 3.

0.20,

0.26, and 0.40 (»10% the corresponding Maeh

numbers are

6.67, 6.77, 6.82, 6.86, and 6.90.

For the determination of pressure distributions

in the three-dimensional nozzle the

stagnation

temperature was close to 1,600° R and the flat

surface of the pressure model (fig. 4)

was loeated

parallel to the X'Y-plane of the nozzle at Z=%

inch, with the leading edge at .\

L2

inches

(fig. 1). The stagnation pressure was varied
through the limited range from 31 to 46 atmos-
pheres (with Revnolds number per inch from
0.075°<10° to 0.11<10% when the variation in y 1s
taken into account).
nozzle (fig. 1) is about 9.6 if caloric imperfections
(variable ) are taken into account (ref. 18).

The Mach number in this

Delta winus,

PRECISION OF DATA

For the force data obtained in the Mach number
7 nozzles, random errors in coefficients arise mainly
in reading and recording balance forces and stag-
nation pressures, whereas the source of systematic
errors is mainly in the possibility of an incorrect
assessment of Mach number and the effect of the
The possible
error resulting  from  errors in Mach number
is small in comparison with the

sting pressure field on the wing

determination
possible random errors, being about one-half of
1 pereent of the cocflicient values at Reynolds
numbers per inch greater than about 200,000 and
rising to perhaps 0.8 of 1 percent helow this value.

The maximum possible errors in drag coefficient
(AC) due to mandom factors, including sting
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corrections, are as follows (Reynolds number is
based on root chord for the wings with delta plan
form) :

=
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L S-pereent-thick  Square i 03105 | 0.00075
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1 tion ‘ ) {00024
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L P R R - S R
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! wedge section | [ .9 . 00021 i
| : S 00015
1 i P2 L0001 |
1 | Delta L0108 Lo, 00051
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J P2 00027 |
’ 2 Delta 0 0. 00047 |
] ‘ 1.4 . 00029
;2 00025 f
J "10 0. 00051 |
| 3 Delta L 16 . 00031
| | 2.7 . 00024
[ R _ PO, _ :
[ L LS C 000046 |
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| | 2.7 CL00032
| ' 23 b O, 00023 |
| L2206 00020
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j \ |40 00014 |
; | 18 00009 ‘
1 1 5

I L 00014
R

The pressures measured on the flat plate at
M==9.6 have a possible error of about, 2 pereent
due to inherent instrument inaceuracios.

; I
o -

RESULTS AND DISCUSSION

THEORETICAL CONSIDERATIONS AND COMPARISON WITH
PREVIOUS DATA

The considerable distortion of the flow field
about plane surfaces or slender bodies in hyper-
sonic flows due to boundary-layer displacement
effeets is now well known qualitatively. In addi-
tion, a considerable body of quantitative theoreti-
cal evaluations of this effect is now available.
These solutions in general fall into two classes: the
so-called “weak interaction” and “strong inter-
action” solutions. Expressed rather simply, the
weak-interaction solution is one in which the self-
induced pressure gradient is assumed not to affect
the boundary-layer growth, whereas in the strong-
interaction solution account is (aken of the effect

+ Pressure orifices

L 20 f e N X Thermocouples
+ \
+ S~
| ro+ e
| ‘ X + X
x + '
3.99 % x +/4i,,
. H
. ' »7775‘/
L 225
- 700 -
x=0 (

Pressure-Orifice
Locutions

Thermocouple
Loeations

l r ‘ Y ‘ ’ v 4 [
T ; | — e
i |
[ 0. 042 0 056 050 {
089 1200 Y T3
‘ 161 it CdE .
164 59 | 246 50 f
278 L25 B a4 |
L lIs0 [ 25 g ! N
737 ‘ 12 o -
g 15
1. 182 Loy
R
1. 978 50 |
1. 980 ‘ 1. ue
1977 1. 50 ]
2970 | 0
3. 068 T
3077 25 |
2976 | X! l
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Fricvre 4. Flat-plate pressure and temperature model,
on the boundary-layer growth of the mutual inter-
action hetween the boundary laver and the
boundary-layer-induced pressure gradients., The
parameter which basically determines the region
in which interaction effects ean be important was
first given by Lees and Probstein (ref. 1). This
parameter is commonly designated X, where

As shown subsequently, the weak-interaction
theory for the insulated case applies in the region
of X from 0 to approximately 1, whereas strong-
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interaction theory applies in the region of X>1.
A leading edge of infinitesimal thickness is postu-
Iated.

Insulated plate in weak-interaction regime.—
Into the category of weak-interaction solutions
fall the theories formulated by Lees and Probstein
(ref. 1) and Bertram (ref. 2). In terms of the
parameter X the pressure distribution and skin
friction for the insulated flat plate ave as follows
for large values of M and small flow deflections.

The Lees-Probstein solution for pressure distri-
bution, to the second order, is

ifi:l+0.5997(7~1)7<+0-0907
=120 DR (V=1 (1)
L 0557y (r— DX F0.077Y

“’ G—DrHDX (Np=0725) ()

1f Bertram’s expression for the shape of the
boundary-layer displacement thickness 1s put into

the power-scries expansion for pressure (with the

product M, gi— snmll), to correspond with the

Lees-Probstein theory, the second-order result is

Py 0638 (Y= 1)X+0.102Y

) DA DT (N1 @)

The difference in coefficients between equations
(1) and (3) arises from a slight difference in the
boundary-layer thickness values used in the
theories. First-order weak-interaction theory con-
sists of unity plus the first term in X in equations
(1) to (3).

A simple expression for the local skin-friction
coefficient is obtained in reference 2 from flat-plate
theory, for a linear velocity profile in the boundary
layer with no heat transfer:

2w W

pa— -
TpuLt b

v

= (4)
An expression for & can be obtained by taking the
result from reference 2 to hypersonic approxima-
tion (after Von Kdrmén, ref. 19). 1If the variables

in the resulting equation are evaluated at the local
conditions at the edge of the boundary layer, the
result is:
5 =g Y1 3
2.553 —T “‘Ilg'\[él‘.lf (;_))
N prutyrm
Substituting equation (5) into equation (4) and
utilizing the perfect gas law and the adiabatic rela-
tions between pressure, density, and temperature
gives for local skin-friction coeflicient the expres-
sion

B e
0,\/_(;7:0.1834\61)/1)00 (6)
A

or, for comparison with the flat-plate theory with-
out pressure gradient,
Y
ONTE (
,

In a fashion similar to that in which equation (6)
was obtained, equation (5) may be written in
terms of undisturbed free-stream conditions, and
the normalized boundary-layer thickness is

i
NI g a5y YL ar 2(pip )2 (])
J'\““U 2
As will be seen by comparison with the results of
strong-interaction theory presented subsequently,
equations (6) to (8) will also apply as an approxi-
mation through the strong-interaction regime.

Kuo’s closed-form results in reference 8 appar-
ently apply to the weak-interaction region of
plates since, with M-, his equation for pressure
distribution is almost identical to equation (1).
Kuo’s evaluation of local skin-friction coeflicient 18
composed of two opposing terms. With M->w
the result obtained is

1.192(0.679—0.347y) (y= DX,

RN

. ] (9)

P 140,59y (y— DRERHV I+ (FY

o

where
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and
1"50.149(7— Li{y+1)

Although equation (9) indicates an initial inerease
i skin friction over the no-interaction case with
mereasing X, the skin friction eventually reaches a
prak and then decreases rapidly.

Insulated plate in strong-interaction regime. -
The strong-interaction regime has been investi-
gated by Lees (refs. 6 and 71, Bertram (ref. 2),
and Li and Nagamatsu (ref. 4).  This regime Is
chavacterized by a boundary-layver growth of the
form

WY A
o

WOy X

for large values of M and X.  (See, for example, p.
261 of ref. 6.) The classical flat-plate lamina-
boundary-layer growth used in the weak-inter-
action solution to obtain the induced-pressure
distribution is

By I

o M2
J"\(v

w

where 3 is large.

The results of the strong-interaction solutions
apply, in general, for values of the interaction
parameter X much greater than 1. Two nain
approaches to the strong-interaction problem are
available.  One approach is Shen’s assumption
(ref. 3), later extended by Li and Nagamatsu
(ref. 4), that the edge of the boundary layer is
also the shock induced by the boundary laver.
Lees (ref. 20), however, pointed out that this ap-
proach s inconsistent with the equation of con-
tinuity though this meonsisteney leads only to a
difference in the numerical factors.  The second
approach is that by Lees (refs. 6 and 7) and
Bertram (ref. 2) in which the edge of the boundary
layer (or the displacement thickness) is taken as
the boundary of 2 new body. A further discussion
of these differences in coneept is given by Lees in
reference 6.

The results of the Li-Nagamatsu theory may
be put into the following form (for an insulated
flat plate), which is consistent with the hypersonie
approximations used in the theory:

R ik At
P 7\‘ ¥+ 1 X yi-1
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For the Lees strong-interaction theory applied
to the insulated flat plate the following results are
obtained:

) - SY —~ -
2{—-:0.52x+ 092 (First order;y. 7/53: N0 — 1)
P o= . .
b .92% (Zeroeth order;y= 5/3: N, = 1)
(1)
(NI )
A Tk
A
(_f-,,,n.s:;il/z
s
s (Zeroeth order; v =7/5: N, = 1)
AT
VO
(% —
L= 1663
a ) |
(11)

If a procedure similar to that of reference 4 is
followed, the average shin friction in the low X
range may be evaluated (that is, the loeal skin
friction in the low X range is assumed to be given
by the Blasius equation). Using Tees numerical
ralues (eq. (11))

y
gf':f—l 4-0.69%

¥

(X< 1.46) (12)

and the corresponding equation (119 would be



BOUNDARY-LAYER DISPLACEMENT EFFECTS IN AIR AT MACH NUMBERS OF 6.8 AND 9.6 9

taken to hold when X >>1.46.

In Bertram’s theory, effects approaching strong
interaction can be taken into account by an itera-
tion procedure deseribed in reference 2. However,
with this method there is no distinetion between
strong and weak interaction, since the iteration
procedure gives a continuous variation between
the two regimes.  Pai and Shen (ref. 9) present a
theory in which, by matehing the solution to both
the strong- and weak-interaction regimes, a result
is obtained which is also applicable through both
Teginies.

Shown in figure 5 ave the pressure distributions
given by various theories for an insulated plate
with y=7/5, together with Kendall's experimental
results (ref. 11) for a flat plate in thermal equilib-
rium in air (surface temperature essentially equal
o recovery temperature).  From various con-
siderations, inclwding the Kuudsen number and
the distance of the first orifice from the leading
edge (in terms of leading-edge thickness), the effect
of leading-edge blunting on these pressures is
believed to be small. Leading-edge-thickness
effects are discussed further in appendix Ao The
curve for Bertram's theory was caleulated for
AM=9.6 by the iteration scheme deseribed
reference 2 by use of isentropice compressions and
continuous variations in dM/dr. Though  this
Mach number iz considerably higher than 5.8,
the curve should be applicable to the data for
lower Mach numbers sinee this curve agreed with
the results from the iteration process for M -6.86
presented in reference 10 in the region of X where
they overlapped. The process of using the result
of u first iteration Lo start a second iteration, and
so on, does not appear to be convergent.  How-
ever, by averaging between assumed and resulting
pressure distributions for suecessive iterations the
results can be made convergent in the range of X
below about 10, The second-order weak-inter-
action theory for air appears to agree well with
experiment in the range of x from about 0 to 2.
The Lees strong-interaction, the Pai-Shen, and
the Bertram theory agree well with experiment
over the entire range in whieh experimental data
are available (up to x=~3).

The theoretical local and average skin-friction
cocllicients for the insulated plate are shown in
figure 6 divided by the value given by fHlat-plate
theory without interaction effects. Also shown

are the experimental average skin-friction coethi-
cients over the limited range of X obtained by
Kendall (ref. 11), using the Eimer-Nagamatsu
results as the interaction-free denominator (vef.
21). There s good agreement between  the
Bertram theory with pressure gradient and the
[ees strong-interaction theory (eqs. (11) and (12)).
The experimental results show reasonable agree-
ment with the Lees and Bertram theories. Such
correlation between theory and experiment, how-
over, cannot be considered o be conclusive in
this ease since some question arises as to the ac-
curacy of the data. I the local skin-friction co-
eflicients are multiplied by the factor 2, which is
assumed (o give the average skin-friction coefli-
cient, (W B=1.07 from the Eimer-Nagamatsu
experiments  whereas theoretically, for the no-
interaction case, (wy R is approximately  1.35
(ref. 22). The cause for the discrepaney 1=
anexplained.  In addition, although the Investi-
gations of references 11 and 21 were condueted
in the same wind tunnel, the methods of evaluating
skin friction were different. This difference is
expeeted to be an additional source of error, though
less important than the diserepaney involved
above.

Noninsulated plate.
lated plate has not heen investigated as extensively
as that of the insulated plate.  Qualitatively. it
is ensily seen that heating the plate above the
recovery temperature will inerease the boundary-
layer-interaction effects through thickening of the
boundary layer, whereas the reverse will be true
if the plate is cooled below recovery temperature
becanse the boundary layer will he thinned.

In treatments of the interaction problem when
heat transfer is present, the wall temperature S
cenerally  considered  constant. For the weak-
interaction case, Lees and Probstein give a solu-
tion (ref. 1) including heat transfer from whieh
the induced-pressure effeet may be obtaimed in

The ease of the noninsu-

closed form as

T 11 Ty - .
L yK x+7(74* e (N by (13

P
with
M, »o

—= , Te ||
K =0.166(y—1] (2.13(15 T +1 )
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efficients for an insulated flat plate. v 775,

For the strong-interaction region there are
several recent analyses of the effeet of heat trans-
for when the wall temperature is invariant.  Lees
(ref. 6) gives zeroeth-order results when  the
heat transfer is very large (wall temperature
near 0°) and Li and Nagamatsu (ref. 23) give
zeroeth-order results for a wide range of wall
temperatures and v values of 1.4 and 1.67. These
results agree in regions where the two may be
compared, even though reference 23 makes the
considerably simplifying assumption that ('=1 in
the linear formula for viscosity. However, the

14

X

Theories for predicting the induced-pressure effeet= on loeal and average skin-frietion co-

values given in reference 23 for the coefficient
used to evaluate the Stanton number are too
high by a fuctor of 2. The results of Pai and
Shen (ref. 9), as mentioned previously, apply
through the weak- and strong-interaction regimes.

EXPERIMENT

Pressure measurements in air at M,=9.6.—
The pressure distributions at a Mach number of
9.6 were obtained on a flat plate in the three-
dimensional nozzle with heat transfer from the
houndary laver to the plate surface. The heat
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transtfer i a result of the short duration of the
test run combined with the initially low flat-
plate temperature (about room temperature) and
the high stagnation temperature (about 1,600° R).
This pressure distribution is shown in figure 7,
together with the values given by theory for an
isulated flat plate (from fig. 3). The measured
pressures are considerably overestimated by in-
sulated-plate theory.  The pressures presented
are those for 85 seconds after the start of a run
and the temperatures for the time  are
shown in figure 8.

same

As a fipst approximation it was decided to
calculate the effect of the temperature gradient and
heat-transfer conditions on boundary-laver thick-
ness independently of the pressure-gradient effocts.
To this end the Chapman-Rubesin theory (ref. 24)
was utilized with a free-stream Mach number of
4.6, The second-degree equation shown at the
top of figure ¥ was taken to represent the tempera-
ture distribution (the recovery temperature was

i Vad
20 EXD. in. Rf
Present tests [O 0.075%x10° 38
Me=9.6 lo .08l 40
with heat transfer | 2 ;!oé gg
Theory
54 —— Bertram insulated plate, Mp=9.6
—— —— Bertram with Chapman-Rubesin
temperature-gradient
correction at M,=9.6
v P T

arbitrarily selected to be about 0.85 of the stagna-
tion temperature).  Computations were then ear-
ried out to determine the displacement thickness
at the 15-, 30-, 60-, and 100-percent-chord points.
The results of these caleulations are shown in the
two lower plots of figure 8. The corrections to
the insulated-plate results were obtained simply
by modifying the slope of the boundarv-layer
displacement thickness ealeulated for the insulated
flat plate, as follows:

- For,

de 6%, dr /. (lil];

( &
(]5'rﬁ of (/5{115 éfuxr

The ratios /6%, and d(6%/67,:)/d(x{L) were ob-
tained from the Chapman-Rubesin theory, and
the values for d8l,/dr and 8%.,/L were computed
according to the theory with pressure gradient of

/V/(n .

0.28,
36|
29!
26

vea

Ficvre 7.-—Comparison of induced pressures on a flat plate as given by theory and by experiments in air at
M=9.6.
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Fiorre 8. Measured wall temperatures on pressure
model and prediction of Chapman-Rubesin theory for
the temperature effeet on the displacenent thickness.
M9.6.

reference 2.

This correction 1o the slope of the boundary-
laver displacement thickness on an insulated flat
plate resulted in the pressure distribution shown

in figure 7 as the dashed line. The agreement with
the experimental results is surprisingly good.  For
comparison with the computations that include
heat (ransfer and temperature gradient, the effeet
of a constant ratio of wall to stream temperature
was computed from the Chapman-Rubesin theory
by using an approximately average temperature
ratio from the experiments (75, T.=9). The
resulting value of §7/87, is shown i figure 8; it s
not an average value of the change the dis-
placement thickness due to heat transfer but, as
expected, is too low a value and thus would under-
estimate the pressures on the average. The heat
transfer itself, however, has much more effect on
the pressures than the temperature-gradient term.

In figure 7 the data at the lowest values of
14y 12, {highest Revnolds numbers) approach the
hase line of zero pressure difference at a faster rate
than is predicted by theory. This is apparently
the same phenomenon as was observed in the
Princeton helium tunnel on similar models (figs.
11, 12, and 14 of ref. 12) and eliminated in the
final plots of the helium-tunnel results (figs. 15 to
18 of ref. 121, There ean apparently be an under
or over pressure, depending on the mounting and
the shape of the back and side of the model, and
figure 11 of reference 12 indieates that there is a
strong Revnolds number effect. These side and
buse effects appear to he propagated for large
distances both upstream and laterally,

I the present tests pressure orifices were located
faterally at the middle and last station on the plate
(see fig. 43, The resulting pressure differences ave
shown in figure 9 as a function of the local lateral
distanee to the orfice nondimensionalized with
respeet to loeal lateral distance to the model edge.
There is considerable scatter in the data, mueh of
which is attributable to the low pressure being
measured (about I mm of mercury) but the general
trend of a deercase in pressure as the model edge is
approached is evident. The decrease in pressure
from the center to the outermost orifice s con-
siderably larger for the rearmost set of orifices.

All the data from orifices on or near the model
center line have been included in figure 7; thus
some of the data are from the orifices between 2
and 4 inches from the leading edge (x less than
about 2.5). This is the region in which the side
offects discussed previously are important, and
therefore the results from  this region may be
somewhat in error.
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Figure 10 presents the experimental vesults
originally given in figure 7; however, instead of
modifyving the theory to account for heat transfer
and temperature gradient, the theoretical incre-
ment in pressure attributable to heat transfer has
been added to the data for M==9.6. The good
agreement of these data with the Lees, Pai-Shen,
and Bertram theories is notable, as is the correla-
tion with Kendall's data for A/-=5.8.

Real-gas effects.—In the evaluation of Mach
number and the other associated flow properties
of a gas it is important to determine the effects
associated with actual gas flows.  In most super-
sonic wind tunnels it is sufficient to use the perfeet
gas law and assume that v is constant. At the
high supply pressures and stagnation temperatures
at which hypersonic tunnels are operated these
assumptions, however, can be invalidated.

An analysis of the effect of variable specific
heats on the gas properties has been given by

Eggers (ref. 251, The equations given in reference

25 have been combined with the Sutherland
formula to determine the effeet of ealoric mperfec-
tions on parameters basic to the boundary-layer
analysis.  The additional assumption has been
made that the static temperature is much less
than the stagnation temperature. For the range
of stagnation temperature shown in ficure 11
(1,000° R 1o 5,000° R). this assumption corre-
sponds to the restriction that the static tempera-
ture be less than approximately 500° R. The
equations which describe the curves in figure 11
are given in appendix B.  For the present tests
the stagnation temperature was close to 1.600° R.
For a pressure ratio of 30107 (see fig. 1) the
Mach number was found to be close to 9.6. The
Reynolds numbers computed for the conditions at
this Mach number were ecorrected according 1o
figure 11 with 8/7 .=2.1. In the present tests
the effeets of wvariable gamma were not large.
The question then arises as to the magnitude of
imperfeet-gas effects.

With the assumption that the Berthelot equa-
tion of state in virial form is applicable, equations
describing imperfect-gas effects have been derived
m appendix B, In equation (B11) the following
values were then used: 7.—238.5° R, p.=547
Ibfsq in. abs (the values for air); To=1,600° R,
Po-—=647 Ib/sq in. abs, p.=0.0194 Ib/sq in. abs
(experimental values); 7,=82° R, v—7/5 (as-
sumed values).  The resulting static-temperature
ratio given by equation (B11) was found to he
only one-half of 1 percent greater than would be
given by the ideal-gas equation (p- pRT, v=7/5).
This increase is small compared with the 3.3-
pereent inerease in this same temperature param-
cter indieated by equation (B3) for the effect of
variable . Therefore imperfect-gas effects were
ignored in analyzing the data.

Drag measurements at M.=6.8.--The results
of total-drag measurements in coefficient form for
two square wings and a series of delta wings are
presented in figure 12. Teading-edge thickness
was determined for cach wing from an examination
of the leading cdge through a calibrated micro-
scope.  The pressure acting on the leading edge
was assumed 1o be given by the average between
Cpomar and the average pressure coeflicient over
the front half of a cylinder. The drag coefficient
given by the average pressure coefficient (.,
=(5/6)(", mez) was subtracted from the total
drag coeflicient for presentation in figure 12.
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Ficvre 11
on Revnolds number,
viscous-interaction parameter in air.

EiTect of ealorie imperfections (variable s

viseozity  coeflicient, and  the

For the delta wings €, .. was assumed o vary
as the square of the sine of the semiapex angle.
Following are the estimated leading-edge «drag
cocflicients €7, in terms of projected wing area:

Plan form Wing ioin, o

Dinmond scction 0. 001 (. 00038

Square Wedge-<lab-wedge L 002 00036
=cction ‘
1 0. 001 0. 00018
2 001 0000
Dedta 3 001 . 00602
{ L 02 . 000022
AL B O G008 . ODB00

For the purpose ot hand, that of determining
skin friction by usic 2 wings with a very low pres-
sure drag, the square wing with 5-percent-thick

dinmond sections had an undesirably ligh pressure
drag; however, this wing was the only one for
which loeal pressures were available (the investi-
gation reported in ref. 17). In the final analysis
the square wing with wedge-slab-wedge sections
was hampered by a drag due to leading-edge thick-
ness which was about double the value that would
be obtained for inviscid pressure drag if the
feadimg-edge thickness were nonexistent 'y,
—0.00030° compared with €', , values given in
preceding table).

For the square wings (at the top of fig. 12) the
drag obtained by adding the skin friction, with
the effeet of the self-induced pressure gradient
included, to the theoretieal inviseid pressure dray
15 generally closer to the experimentally deter-
mined drag than if the classical flatplate skin
friction is used.  The total experimental drag is
10 to 30 pereent higher than is given by a combina-
tion laminar skin friction and the
inviscid  pressure-drag coeflicient.  There are a
great many unknowns stll involved in the effects
of viscosity on the drag of the rear surface, in-

of classienl

cluding tip, trailing-edge, and displacement effects.
According to pressure measurements on (he center
line of the square wing with diamond seetions at
zero angle of attack (fig. 4(a) of ref. 17) the dis-
placement effeet on the front surfaces enuses an
incremental inerease in pressure drag of 11 per-
cent: however, this increase is partially compen-
sated by an ineremental decrease of about 40
pereent in pressure deag of the rear surfaces due
to displacement. and trailing-edge shock effeets,
The result is an indicated 28-percent decrease in
pressure drag from the theoretical prediction.

Anindieation of tip effects on the square wing
with the diamond section, at least at one Revnolds
number, ean be seen in figure 13(0) from an oil-
flow study of the wing surface at a Revnolds
number of 1.2 108,
was examined by means of hoth still and motion
pictures. The significant extent of tip effeetx
appears (o be confined to the rear surface and
consists of a roughly triangular region indicative
The dark
areas near the leading edge of the wings shown
 figures 13 and 14 are caused by the high laminar
shear near the leading edge, which quickly wipes
the oil from this region.

The oil flow on this wing

of etther a shock or separated flow.
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Surface oil-flow studies of the square-plan-
VAR NI

icvre 13
fornm winus.

Figure 13(h) shows the oil flow on the upper
surface of the square wing with wedge-slab-wedge
sections, and figure 13{¢) shows the flat lower
surface of this wing.  The vear surface of this wing

) Wing 1:e 30 R 1.7 105,
hy Wingd (:e 87 R 5.
ey Wing 4 Bie ROl 3.0 108

Surface oil-flow studies of 1wo of the RETS

Lines have been

Fraves 14
pereent-thick delta wings<. M 6.9,
added to indicate edges of wings, which were not visible

in photographs.

1= small, and although the flow phenomenon is
similar to that on the diamond-seetion wing, the
separation is conlined to a correspondingly smaller
portion of the trailing wing tip.  In addition to
this separation (or shock) a  three-dimensional
edge How can be seen. On the lower surface the
region of three-dimensional edge flow is delineated
by the high shear which serubbed the oil from the
surface near the side edges. On this surface the
angle that this scrubbed area makes with the
wing edge is about 2° On the upper surface a
disturbance can be seen to extend farther inboard
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than the area actually serubbed clean. The total
area affected seems to make an angle with the
wing side edge of about 3.5°. For both wings the
aren significantly influenced by the tip flow 1is
small; however, the effeets on the total drag may
be significant because of the indieated nerease
in surface shear in the tip region.

At the bottom of figure 12 are the data for the
family of 2%-percent-thick delta wings with semi-
apex angles varying from 30° to 8° and symmetri-
cal double-wedge sections.  The theoretieal skin-
friction-coefficient curves for these wings differ
from those presented for the square wings ouly in
their adaption to the delta plan form, as shown in
appendix C.  The wave drag shown in the figure
for these delta wings is that given by two-dimen-
sional shock-expansion theory for the streamwise
wing section (assuming the compensating pressure
offects on the front and rear wing surfaces dis-
cussed previously for the square wings). This
wave drag has been added to the skin friction
with displacement effect to obtain the curve coded
with short dashes in this figure. For the range of
semiapex angles shown there is good correlation
of the experimental data over the entire range of
Reynolds number (based on root chord). At the
lower Revnolds numbers (R,<13 % 10°)  the
theoretical skin friction with displacement effeet
plus the two-dimensional wave drag gives an
excellent representation of the data (wings 1, 2,
and 3) and is 20 to 30 percent higher than the
drag obtained by a combination of the classical
skin friction and inviscid pressure drag.  Above
this Revnolds number, however, there 1s a pro-
gressive departure of the experimental data from
the laminar theory. This result for £2.,>>1.3>X10°
is taken to be indicative of transition of the
boundary laver. The data for the square wings
in figure 12 indicate a similar trend at the higher
Reynolds numbers. It should be noted that the
value of 1.3 10°¢ for the Reynolds number based
on root chord corresponds to a different unit
Reynolds number for each wing. For delta wings
1, 2, and 3 this Reynolds number corresponds to
Reynolds numbers per inch of 0.303<10°, 0.24 > 10°,
and 0.19< 10°, respectively.

Oil-flow studies of the delta wing (fig. 14) have
shown that the only deviations from disturbance-
froe flow on the surface are manifested in the
region of the sting. The disturbance is indicated

by the dark, approximately triangular area ema-
nating from the point of the sting, where the oil
has been wiped from the surface. Wing 1 (e=30°)
shows very little sting interference. (See fig.
14().) This wing and wings 2 and 3 had a very
narrow sting (0.091 to 0.092 inch). In contrast,
the oil-flow photographs of wings 4-C and 4-B
(figs. 14(b) and 14(c)) show well-defined regions
of sting interference.  The wings of the number 4
series had thicker stings (see fig. 3) than wings 1,
2, and 3. The results for wings 4-A, 4-B, and
4-C in figure 12 indicate that the pressure field
from the stings has only a small direct influence
on the drag. even though the length of sting
covering the root chord was varied from 0.43 of
the root chord down to 0.19 of the root chord.
In view of the low pressure drag of these airfoils,
this result is not surprising.  For wing 4-C, which
was tested in two nozzles with very nearly the
same test-section Mach number, there was no
really significant  difference  between the data
obtained in the two nozzles. The data from the
two nozzles is, in general, within the band given
by the poessible error.  (See section  entitled
“Precision of Data.”)

Computations were made to determine the effect
that the sting would have if it were assumed to
cause transition of the boundary layer. To
simplify matters, a triangular flat plate with zero
inclination to the stream was assumed, with
transition parallel to the leading edge at various
fractions of the root chord, @. For comparison
with the hypothetical wing, the experimental
results from figure 12 for the delta wings are shown
in figure 15 with an assumed constant value of
pressure drag  coefficient (0.00037) subtracted.
The curve for transition fixed at about 0.7 of the
root chord fits the data over a considerable range
of Reynolds numbers.  Because of the relatively
small inerease in measured drag over the drag
predicted when classical flat-plate laminar-bound-
ary-layer theory is used, attributing the Increase
to displacement effects must be considered incon-
clusive. However, from figure 12 it appears that
this increase in drag, for the lower Reynolds num-
hers at least (considering the thinness of the
mounting sting and the thickness of the boundary
layer), is caused by displacement effect. At
Reynolds numbers greater than about 1.3 <107
the drag is higher than can be aceounted for by any
cause but transition.
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CONCLUDING REMARKS

Measurements are  presented  for boundary-
layer-induced pressure gradients on a flat plate
e air at a Mach number of 9.6 and for the drag
of thin wings at a Mach number of about 6.8 and
zero angle of attack.  The pressure measurements
at a Mach number of 0.6 were made in the presence
of substantial heat transfer from the boundary
layer to the plate surface.  The measured pressure
distribution on the surface of the plate was pre-
dicted with good aceuracy by a modifieation to
insulated-plate displacement theory which allows
for the effect of the heat transfer and temperature
aradient along the surface on the boundary-layer
displacement thickness.

solid symbols denote data obtained in Invar nozzle,

The total drag of thin square and delta wings
was measured at a nominal Mach number of 6.8
overa reasonably wide range of Revnolds numbers,
Thix total drag was found to be greater, by as
much as 30 percent, than can be explained by
adding n classical value of laminar skin friction
to the estimated pressure drag. The differences
is, i general, expluined by the effect of boundary-
Iuym'—imluct‘d;’prvsmuvs onskin friction. At Reyn-
olds numbers above about 1.3 <10% an additional
increase in skin friction was measured, which is
attributed to transition of the boundary layer.
LancrLey Reseanca CrNTER,

NATIONAL ABERONAUTICS AND Srach ADMINISTRATION,
Laxarey Fiewp, Vi, Novewber (5, 11057,



APPENDIX A

LEADING-EDGE-THICKNESS EFFECTS

The question of the contribution of leading-edge
effects to the measured pressures arises. Two
obvious factors which have to be evaluated are the
(characteristic) boundary-layer thickness in com-
parison with the leading-edge thickness and the
mean free path of the gas in comparison with the
leading-edge thickness.

The assumption is made that this boundary-
layer thickness for the laminar case may be repre-
sented by the simple equation

(A 1)

The Reynolds number with radius of curvature of
the edge of the boundary layer as the characteristic
length is then

372

)
At the leading edge
R, ;=20=K?
With a lincar velocity profile and M- - on an
insulated plate,

bd ,l P y
K253 )0 M0

where (7 is the coefficient in the viscosity relation

Buw__ (1.
po  Ta

or, to climinate the viseosity ratio as such, the
power law or Sutherland’s law for viscosity may
be used to give, with hypersonic approximation
for the insulated plate and Np,==1,

, B
_ Y1 W1\[ 21 Y=\ M (11‘77’;,
"ﬁ<ﬂ?_) e 7'("2” ~~1.,,. B

where w is the exponent in the power law for vis-

cosity. Thus
) R Trw
K2an(T,0)
and
I, 5=0.518 ”Y-:;"'l‘ o RYSEALES
or

!1)1,6 , . 1'7_1\1E~w"\['D‘z\ll-."w'* 5
ss(G0) VT G

The question of whether the lowing gas will
“see’ the leading edge fully, imperfeetly, or not
at all should be answered by the Knudsen number
Ngn, which 1s the ratio of the molecular mean
free path to the characteristie length (in this case
the leading-cdge thickness):

where 12, is the Reynolds number with mean free
path as the characteristic length and the slip-flow
regime Is taken as

111}(1<N"'”<2

The fact that equation (A1) does not represent
the boundarv-layer growth near the leading edge
is ignored because for present purposes all that 1s
desired is an index of the houndary-laver-induced
effeets on the plate.  Whether equation (A2) can
give some idea of the relative magnitude of the
boundary-layer-induced effeets and leading-edge-
thickness offects ean perhaps be decided by re-
course to the available reports of experimental
work. The work of Bertram (ref. 10), Kendall
(ref. 11), and Hammitt and Bogdonoff (ref. 13) is
useful in this regard.  The range of these tests 13

21
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shown in the table below:

; Author P Ref. | Mg R i bR N ol

i | }‘ \ | ! I ‘ TERTTR,
Bertram_ . __. J 10 6.9 “ 625 70 t0 1,960 | 1.7 to 0. 32 0. 028 to 0, 0052

| Kendall_____ S Y [ 5.8 L2600 Htod? | 191055 0. 62 to 0. 18

| Hammitt and Bogdonoff__ R }]'i | ; o } 910 to 12,500 | 5010 0.07 | 0,02 Lo 0. 0004

C Present tests____.__________ o a1 Voo ‘ 38 10 56 241016 | 0.38 100, 26

NATIONAL AERONAUTICS AND

SPACE ADMINISTRATION

For the experiments of Kendall (ref. 11), the
results of which are probably the best vet obtained
in air, the combination of the large values of the
ratio R, /R, shown in the table and a large
Knudsen number which is apparently well into
the slip-flow regime indicates that the leading-
edge-thickness effects should be small compared
with the boundary-layer effects.  These data did
not show an effect of R, on surface pressure in the
range of R, of the investigation. In contrast, the
range of 12,5/, for Bertram’s tests in air (ref. 10)
indieates that the leading-edge-thickness cffoets
should range from small to a magnitude approxi-
mately equal to that of the boundary-layer effects
and the leading-edge thickness is in general in the
continuum regime.  The results of pressure meas-
urements in reference 10 show leading-edge-
thickness effects over the test range that are of
the order expected from consideration of cquation
(A2) of the present paper.

Hammitt and Bogdonof’s test range in the
Princeton helium tunnel (ref. 13) is indicated (in
the preceding table) to extend from a region in
which the  boundaryv-laver-induced  effects are
about 3 times the leading-cdge-thickness offocts
to a region where the boundary-layver-induced
effects are small compared with the leading-edge-

thickness effeets; however, over the entire range
the leading edge is in continuum flow. The
pressure data of veference 13 bear out this predie-
tion in that, for values of the index D5/, less
than approximately 0.2, the pressure data cor-
relate well when plotted against the inviseid
parameter xft. Signifiecant deviation from cor-

s

relation s first noted at g =055, and at
Ly

Il’,_g

0.9 the measured pressure rises are about
by

twice the values given by the essentially inviseid
pressure data at the same value of xft.  The

deviation from  correlation is even greater  at,
]')16 .

..

2,

The data of the present tests are in the same
region of slip flow for the leading-edge thickness
as Kendall's data, and by equation (A2) the
viscous effects are still larger in comparison with
leading-cdge-thickness effects.  The present
sults have values of the ratio 1,4/ which are as
targe as the largest value encountered in the
Princeton tests (ref. 13) and the Ieading edge is
farther into the slip-flow region.  Leading-edge
effeets would not be expeeted in the present
experiments and none conld be detected over the
Limited range of R,

re-



APPENDIX B

EFFECT OF VARIABLE y AND GASEOUS IMPERFECTIONS

The problem of evaluating the effect ol caloric
imperfections  (variable specifie heats) may be
greatly simplified by considering the stagnation
temperature to be much larger than the statie
temperature, In this case the analysis of refer-
ence 25 can be used in the following simplified
form (perfect gas law).

For the Mach number,

Y=V ar o N y=1 0 s Y ‘
ML= 1T Af y) 1 (Bl

where 8 is the molecular vibrational constant.
With the values of p, and p, obtained experi-
mentally, the required temperature ratio is given

by

vzt

( g T kK
erpl 3 g7

T, |». PAT, i1, .
e B e (B2)
Tu i HT—1

1§ an asterisk is used to signify the ratio of the in-
dieated parameter to the value of that narameter
when the ratio of specific heats v is taken as con-
stant, then the following relations are obtained:

M*=1
TN\* ~—1 8
e} =14 (A B3
R)) t Y ]ll ‘ ) ( J

])Oﬂ\ * (’7'06)*]7*1 i 4 1] tﬁ‘s"l'a
Pn) [ NI I (( )‘JP(\ ]a|f‘9“10—‘1

(B4)
(’L"”)*:[(T%Y]“ BT gy
oy 7)) T T T

N (}u:"“ﬂl‘)*
R Bl (B6)

JTi)*

(o, o) ¥ (T[T

where 8 is the Sutherland constant and 75 . the
static temperature evaluated for constant 7.

The much used coefficient in the linear formula
for viscosity becomes

(LT ”

L

S (BT
(Meofto) * ‘-

Equation (B7) is valid for all wall temperatures.
The hypersonic interaction parameter X then be-

comes (for all wall temperatures)

_ ’(‘i* [(’7]97‘"5'*] 372
« (1 fUiSef0l 1o s
= /R* \/ (Polpa)* (BX)

By using 5,500° R for the value of the molecular
vibrational constant 8 and y=7/5, figure 11 was
constructed from these equations.  For the range
of stagnation temperature shown (1,000° to 5,000°
R), the static temperature must be less than about
500° R for excellent accuracy. The Mach num-
bers at the top of the figure indicate the approxi-
mate limitations at integral temperatures imposed
by the assumption of low statle temperature.
Now, if the ratio of specific heatsy is assumed to
be a constant, a simple solution for imperfect-gas
offects may be obtained.  The equation of state for
a gas at moderate pressures, when only the first
{wo {erms in a series representation are used, 18

p:*p(/?’]‘%‘]f]))

where B is known as the second virial coefficient in
the expansion and I is the gas constant.  The
difterential equation for an adiabatic process, 1o
the same approximation, is (p. 180 of ref. 26)

(B9

y—1 dp dT (

¥ P dB
v p T\ )

RdT
It Berthelot’s value for B (p. 119 of ref. 26) is used :

9 E/( 67>
B=1a5 e = )
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and v is taken as constant, the exact solution of ot, sinee the deviations from the perfeet gas are
equation (BY) is assumed to be small,
¥y=—1 r]v-,,a
7 AN i AN 5 y—I ¢ “
; a1 X (;) M -(I/) Pe|? Ty poy 12Ty 1(;1}.) P
7. 2\ 7 27\ T, o \T, ), g :( *”) e B
ey e A RV R R S AT
7o \py 32 .{~%7+21 (7,) D +55 (ﬁ_ o
¥ N7, v N :

(BLo) (B11)



APPENDIX C

SKIN FRICTION OF A FLAT-PLATE WING WITH DELTA PLAN FORM INCLUDING BOUNDARY-LAYER
DISPLACEMENT EFFECT

In this appendix a solution is derived for the
skin friction with boundary-layer displacement
offect on the flat-plate wing shown in sketeh 1.

Flow
L]
T-—(A —— T 5 .
|
\\ c
AN |
\ / IS ‘
\ .
\\\ /
h / \
N
\ /

Skeleh L

The assumption is made that cach filament in the
stream and boundary layer over the wing re-
mains unaffected by adjacent filaments, and thus
that any section of this wing may be treated as a
seetion of an unswept flat plate with the loeal
chord the same. The average skin-friction coeffi-
cient for the delta-plan-form flat plate is, then,

~ 2 [T
(s (e de

or, in terms of the hypersonie interaction param-
eter,

- o dx

¥ A¥4X1-,4 [ (v =s

JX X

()

Xe,

where T M. A ONR and X~ M.E {ONR.,
where, in turn, 22, and ., are the Reynolds num-
bers based on local chord and root chord, respec-
tively, and ¢7is the coefficient in the linear formula
for viscosity.

[f 77 is the average skin-friction coeflicient ob-
tained from  classieal flat-plate  boundary-layver
theory (in effect, the Blasius solution), in order to
simplify the solution the following relations are

assumed :
T _pxe mzX (C2)
Cy
(% - - - .
Ledga'x (XEX) (('3)
('

The value X is the matehing point between equa-
xu Lt !

tions (C'2) and (C3) where it can be shown that
Q4

When ¥ZX,, equation (C2) ean be substituted

into equation (C1) to obtain

» __dx

e ﬂ[r*b’(];c Cr o (('5)
From appendix D (eq. (D18):
4 4 .
(pa—s5 = (C6)
PATT Y NG
where
et
\ I‘)r
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Then equation (('3) is

(' - T dX -
~%“~:3Xr;‘b’J_ X {8n)
A Ae,

( X

which, upon integration. becomes

-(“:{.)-b'i,. b2 (>‘<, giu—:—l,-) (C8)
(',,.'A 13) 7 .7 @,

When X=X,, cquations (C2) and ((3) ean be
substituted into equation (C'1) to obtain

(',,A::,ﬁrr*(b' J_ Cox=%2dx
Xo

Xo —m Xo mmmm
—|—J_ Cox %X +a’ j_ (}X‘"r/x)
Xe, Xe,

/

which is combined with cquation (C6) and the
result is integrated to give

(s 3 = o L6
—‘,i" —1+;, ”’Xfﬁ*‘xf,‘? ('r' =z 52
Cpoa - DX,

_u ,:___71'> (X, £X,)  (C9)

or, by substituting equation ((4) into equation
(),

(' . _ "X Y4
’LA‘;I—*—; (I’Xr —,(”, ,,Xr’)_
a2 T T

(@'%.,=1) (C10)

-~

Equation (('8) may also be written in terms of o
as

Cr 2 .,
LT ('R

e N
o5 (a X, z1)
F,

(C11)

The value of @’ over a range of wall tempera-
ture for both air and helium may be obtained
from an integration of the results given in refer-
ence 23, These values are given in the following
table, where 7, is an arbitrary but constant wall
temperature and 7y is the stagnation temperature
since the analysis is based on a Prandt] number of
1, though as an approximation 7}, can probably
he taken as the recovery temperature for Prandtl

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

number # 1. A plot of the values of @ is given in
figure 16.

; y - 1.4 y - 167 ‘

o Te B - o i

} T, ‘ o ‘ ;U ! o ;

| AR B "

i 0 0. 0983 10. 17 0. 1864 .36

| .2 . 1769 565 | . 35631 2. 83

’ P I L3846 2. 60 1 . 8206 1. 22
1.0 | . 6831 1.46 | 1.524 . 656 [
2.0 1. 78 . 238

¢ 562 | 4. 200
| | l

¢ From an extrapolution of the values given in reference 23.

In the present case, for use with the delta-wing
results presented in figure 12, the WINgs were gs-
sumed to be insulated; thus ¢’ =0.68 for air and
X,=1.46. The maximum value of X,, for the

delta wings used in the present experiments was

OET L 1177
E. DS

LA

Fraure 16—Values of the coefficient o’ in the equation
for skin friction from viscous-interaction theory,



BOUNDARY-LAYER DISPLACEMENT EFFECTS IN AIR AT MACH NUMBERS OF 6.8 AND 9.6 27

about 0.35, so that equation (('10) with the third The value of M. was taken as 282 and
term neglected was used, or (pay e, as 1.64. The solution based on con-

. sideration of a reverse delta wing was assumed to
! Ty B DEZER 2 . . . .
ey Re =0y B (1+1.02X.,)  (C12) hold for a delta wing flving point forward.




APPENDIX D

SKIN FRICTION OF A FLAT-PLATE DELTA WING WITH BOUNDARY-LAYER TRANSITION

This appendix is concerned with an evaluation
of the skin friction on a flat-plate delta wing where
a portion of the wing 15 covered by a turbulent
boundary layver.

EFFECTIVE CHORD

The average skin-friction coeflicient for a longi-

tudinal element of a flat plate may be written

\ 1 . . .
(;-oc—(””~ H a triangular flat plate is being

constdered, with dimensions as shown in sketeh 2,

e \\
y | ‘;\\
d ¢ \\ i C,
y .
V. BN
/ ¢
S ‘\\
/ .
/ AN
c// e e e . A [} 1
- s -
b i

Sketeh 2,

the ceffective chord for purposes of determining
the average skin friction for the entire plate is

defined as
D) oL -n
- - 1"
PR ¢ " s
(h"r Jn )

Equation (D1} may be nondimensionalized by

(D1

letting 8" =s/6 and ¢’ —=¢/e,, and the result is
tal i !

- v n—1 —n
I SN g

e (e ds
Cr Jo

equation (D2) may be readily

(D2)

Sinee ¢ o] —«7

[
o

integrated to obtain

¢ 211—1‘)"
{

(D)

For various values of », cquation (D3) gives
results as follows:

} 7 €
cr
2 0. 5625
3 } . B785
: 4 : . 5862
| 5 ! . 5903
6 . 0933
7 . 59563

Consider now a triangular plate with a cutout,
as shown in sketch 3. The effective chord in
this case (where the skin-friction coeflicient is baged

] 1
ac,
Cf
t
N
|
AN

Sketeh 3.
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on the area of the wing without the cutout),
when n=2, i3 defined as

b NS (e o, N2
v<)i) ( PARAT ('“Z//.\')
- Sval . 4 .

i

or, in nondimensional form,

(_ 771 ]'b.,y“b(,',)l:?[‘/ 1 s —a D4
(';74 Jo s Jl,w@/, (7)ol . )

Substituting the variation of ¢ with « into equa-
tion (14) vields

F 1 M, ih b '(.“ > , 1.2 y
7’-'4 {J“ b, (\;:r_(l,) &' (l:l s
E be, T\ s
+‘[’u."» l:(',(h —by) (I—x 4)] s } 25y

Equation (1)5), upon integration, hecomes

~2
9 b 1 e\ by e\ 2
R S “ e 1._”1! 7”)
e, 1610 ¢, " IZ(\(‘,) . ]+( b)((r,
(‘r
(6)
Equation (D6) is  indeterminate when  ¢- €

however, it is a simple matter to reintegrate
equation (D3) with this restriction, and the result

is ) ‘
e D]

LAMINAR SKIN FRICTION

(D7)

For the flat plates considered in the preceding
section an effeetive chord was defined in sueh a way
that the average skin-friction coeflicient for the
entire plate could be written as

When #— 2. substitution of equation (D7) gives

(o ‘341\ . (l——«fl_
eyt

The ratio of the skin friction for the plate with
the triangular cutout (where the edges of the
cutout are parallel to the leading edges) to the skin

(DK

friction of the complete triangular plate 1s as
follows (from eq. (D8)):

poanva (1)

SKIN FRICTION DUE TO TURBULENT BOUNDARY LAYER

(DM

The eutout line s now assumed to represent
instead the line along which instantancons hound-
ary-layver transition oceurs. It is further assumed
that transition occurs at a constant distance
from the leading edge (o=—¢).

As a basis for estimating the skin friction in
the triangular region with turbulent flow, the
momentum loss for the laminar boundary layer
at the transition line is equated to the momentum
Joss for the turbulent boundary layver at the
transition line.  For a flat plate this is equivalent
{o a simultancous solution of the equations for
the momentum laminar
houndary layver the momentum thickness may be

thickness, For the

represented by

A paemw
6, (’f “‘) (D10)
SN
and for the turbulent boundary layer,
7(' m (A'47.’%rri im
" (D1h

2 om—1 (p,( um‘)‘ "
Mo

where Arp is the streamwise distance from the
caleulated start of the turbulent boundary layer
at zero thickness to the point where transition
oceurs,  The form of equation (D11) was actually
obtained from consideration of the loeal skin-
friction cocllicient for turbulent flow in the form

S Lim
(( oo 12
ooe( -) (D12)
Equating (D10) and (D11 gives
(D13)

Al 1 . m
__\[l),l,;,t[ - m (4(/1’(, )lsz] w1
¢ :

where A2y is the Revnolds number from  the
caleulated start of the turbulent houndary layer
al zero thickness to the point where transition
oceurs, and £, is the Revuolds number based on
root-chord Iength.

Assuming that the average turbulent skin
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friction may be represented by an equation of
the form
D

A(l' Jurb™= (Al) /¢

(D14)
where ¢ is the value of # obtained for the turbulent
boundary layer. Then if the skin-friction coefli-
cient is based on the total plan-form area of the
triangular flat plate, substitution of equation (D13)
into equation (D14) vields

m g—1
l:"—l ml (al.’l-)‘/?] mei
A=D1 —a) e .

The skin-friction coefficient that can be attributed
to the area with turbulent boundary layer,
including the imaginary area defined by ARy, is,
when based on the fotal plan-form area of the
triangular flat plate,

D . ')AI‘T+(1—(1)I{ .
[A1‘7+£(1~(l) ] ,‘q( (I)» — [“

( Foturh”

where £1is a measure of the average chord in the

C region bounded by the lines for boundary-layer
e transition.  When equation (D13) is substituted
(D15 into this equation the result is
2 [;1, m— ( I, )‘f~]m—1
m
Da—g ) Y — (1—a) .
' (1=a) L R, T—a j (D16)
( Foturh " T T _ "i" " - o
Am— ”[) ) m=lp e (1 —q) I} }I ’
aom b
The average skin-friction coefficient for the tri-  of equation (D3) given here so that
angular flat plate which is alined with the stream, 1 1 4 1
with the assumptions of boundary-laver transition (',-:‘{ - SRR D18)
that have been made, is TP 1“
A
.4 , - where
(1~'jﬂ —A( Foturk (Dl ‘) .
3 \[1 ]’ - 8 172
T — _— - SO | i Al
Laminar Turtident ‘1:2’\/2 (g) (1 +ﬂ/‘:v)m4 : 1
g . . . . v ) “ ]+A.+;V>
where Fo/Fris given by equation (D9), (% o by T,

equation (D16), and AC% 1., by equation (D15).
EVALUATION OF CONSTANTS

A proper evaluation of the constants involved
is the erux in determining accurate values for the
average skin-friction cocflicient by this method.

The constant . in equation (D17) may be
evaluated from any of the available theories for
the laminar boundary Iayer. For this report, the
method given in reference 2 for hypersonic flow
over an insulated plate with a Prandil number
of 1 was arbitrarily chosen. Equation (15) of
reference 2 was, however, modified by the result

k="t

and 6/8 is the ratio of the momentum thickness
of the boundary layer to the total thickness of the
boundary layer (linear velocity profile). Values
of (8/6),, as a function of M are given in reference
2 or they can be obtained from the approximation

(2) <05
9 +A

With the free-stream temperature 7', given in
°R, the Sutherland constant 8 has been taken as
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177° F for hypersonic Mach numbers under
ordinary wind-tunnel conditions. For lower
supersonic Mach numbers and for flight condi-
tions, the Sutherland constant may be taken as
198° F.

For the evaluation of the turbulent part of the
skin friction, values must be determined for €,
D). m, and g. To this end Van Driest’s analysis
for the turbulent boundary layer on a flat plate
(ref. 27) was arbitrarily chosen; of course, there
are other turbulent boundary-layer analyses which
could as easily be utilized.  The values of m and
(' were obtained by fitting equation (1D12) in the
range of Reynolds numbers desired to the values
of local skin-friction cocflicient obtained from
cquation (66) of reference 27. 'This equation is
based on the power law for viscosity; however, for
high temperatures where the variation of dynamie
viscosity with temperature departs markedly from
a power-law variation, it is a relatively simple
matter to correct the exponent in the power law
according 1o Sutherland’s vigscosity formula to

obtain
1T BT
3 o, - 1+8/T. /
e (D19)
2 T
10g14> T

where @ is the exponent in the power law and

T, is the wall temperature. If the plate is
insulated and the Prandtl number is 1, equation
(D19) may be written as

1+ k4-8/T..
s loBn L g7,
)

5 Togn (4R (D20)

XS

W=

The values of 1) and ¢ introduced in equation
(D14) cannot, in this case, necessarily be found
to the required accuracy from an integration of
equation (D12). For the present computations,
equation (79) (or eq. (77)) of reference 27 was
used to obtain values to which equation (D14) was
fitted over the desired range of Reynolds numbers.

A value must now be assigned to & This
constant is actually the ratio of the effective chord
in the trinngular region with turbulent boundary-
layer flow to (1—a)e,. When a==0, ARy will also
be zero and the value of & is that given by equa-
tion (D3) for the value of » (=q) involved. A
value of 0.55 was used for £in the computations
for this report, since the turbulent houndary layer
assumed does not start with zero thickness.

The remaining constants used were as follows:
A= 192, O—0.125, D=0.243, m—3.27, ¢=3.03,
w@=0.86, and values of a and f. were assumed.
The product af?. (the transition Reyvnolds num-

ber) is designated as [y n figure 15.
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